In order to identify the components of chromophoric dissolved organic matter (CDOM) 19.93, 18.82, 16.88, 16.39, 12.26, and 15.72%, respectively 
INTRODUCTION
Chromophoric dissolved organic matter (CDOM) is the main light-absorbing component at wavelengths below 500 nm in many natural waters. It regulates the penetration of UV light into the water, and furthermore, mediates photochemical reactions (Mopper et al., 1991; Arrigo and Brown, 1996; Zepp et al., 1998; Toole and Siegel, 2004; Nelson et al., 2007) . Consequently, CDOM is the most important biooptical factor regulating the exposure of planktonic organisms to ultraviolet (UV) radiation (Schindler et al., 1996) . Additionally, light absorption by CDOM can reduce the photosynthetically active radiation available to phytoplankton and degrade the accuracy of chlorophyll estimates by satellite color sensors (Carder et al., 1989; Carder, 1991) . Presently, the precision of CDOM retrieved from optical remote sensing is much low. The retrieval error of MODIS model is between -87.1 and 98.2% (Carder et al., 2003) , and the error of Kowalczuk model is between -201.7 and 69.7% (Kowalczuk et al., 2005) . Ocean colour models, pigment/primary-production algorithms and CDOM moniting could be improved by better knowledge of CDOM absorption properties and components. However, there is very little information about the variability of absorption and its composition, and few studies about the relationship between absorption and fluorescence for CDOM in Taihu lake.
Three-dimensional fluorescence spectroscopy (3DEEM) is a popular method in the component identification of CDOM and algae for its high sensitivity and small interference (Mobed et al., 1996; McKnight et al., 2001; Patel-Sorrentino et al., 2002; Leenheer and Croué, 2003; Murphy et al., 2008) . With the development of fluorescence sensor, fluorescence-to-absorption algorithms to retrieve CDOM absorption became more and more significative. Many researchers suggested that CDOM absorption coefficient could be retrieved from fluorescence measurements (Reuter et al., 1986; Donard et al., 1989; Ferrari and Tassan, 1991; Hoge et al., 1993) with high accuracy. The relationship between absorption coefficient and fluorescence intensity is a key step to retrieve CDOM absorption coefficient from fluorescence. Consequently, the study of CDOM composition, dynamic mechanism by the EEMs and the relationship between absorption coefficient and fluorescence intensity is very important, in the context of a global observation system, environmental protection or CDOM remote sensing.
Taihu lake is located in the Yangtze river delta (China; Fig. 1 (Bachmann et al., 2000) . In recent years, various pollutants, such as surrounding industrial and agricultural wastes, and residential wastewater drainage, had significantly contaminated the lake. Large areas of algae bloom caused by attendant eutrophication of the lake have been present for many years (Qin et al., 2004) . Taihu lake provides normal water usage for several million residents nearby Wuxi City. Algae-polluted waters in the lake have affected and interrupted the normal life of the several million residents nearby. In this study, 3DEEM combined with parallel factor analysis (PARAFAC) was applied to identify CDOM compositions and fluorescence property of CDOM. Then, the influence of components to absorption coefficient of CDOM (a CDOM ) was confirmed and the estimate model of a CDOM from fluorescence spectroscopy was established.
METHODS

Information of study area
Taihu lake is a typical shallow inland eutrophic lake located between 30º90´-31º54´N and 119º553´-120º596´E. It is the third largest freshwater lake in China with an area of 2428 km 2 (water surface area is 2338 km 2 , island area is 90 km 2 ), and a mean depth of 1.9 m (Qin et al., 2004) . In this eutrophic region, algal blooms take place regularly over an area of about 132 km 2 every year. Samples were collected in Taihu lake in November 2008. During the cruise, optical measurements were made, and water samples were taken at a total of 57 sites (Fig. 1) .
Measurement of absorption coefficients
Water from 0-0.5 m depth was collected in 2 L acidcleaned plastic bottles and kept in ice while in the field. Water samples were first filtered through a 47 mm diameter Whatman fiberglass GF/F filter (Whatman Ltd., Maidstone, UK) with 0.70 µm pores, and then refiltered through a 25 mm diameter Millipore filter (Millipore, Billerica, MA, USA) with 0.22 µm pores. The absorption spectra of the filtered water were measured between 240 and 800 nm at 1 nm interval using a Shimadzu UV-2550PC UV-Visible spectrophotometer (Shimadzu Corporation, Kyoto, Japan) with 1cm×4cm quartz cuvette, in which Milli-Q water (Millipore) was used as reference. The absorption coefficient of CDOM was obtained using the following equation (Bricaud et al., 1981) :
where a CDOM (λ´) is the uncorrected CDOM absorption coefficient at wavelength λ; D(λ) is the optical density at The absorption coefficient was corrected for backscattering of small particles and colloids that had passed through the filters using the following equation (Bricaud et al., 1981; Green and Blough, 1994; Keith et al., 2002) :
where a CDOM (λ) is the absorption coefficient at a given wavelength (λ) that has been corrected for scattering, and a CDOM (750´) is the uncorrected absorption coefficient at 750 nm. Bricaud et al. (1981) and Twardowski et al. (2004) proposed the following expression for simulating the CDOM absorption spectra:
where a CDOM (λ) is the CDOM absorption coefficient at λ wavelength (m -1 ); λ 0 is the reference wavelength (nm), and S CDOM is the spectral slope of a CDOM (λ) spectrum (nm -1 ). Then, the spectral slope of CDOM is estimated using the least squares method according to this equation.
Measurement of fluorescence
Fluorescence excitation-emission matrices (EEMs) spectra were measured with a LS-50B fluorescence spectrophotometer (Perkin-Elmer Inc., Waltham, MA, USA). Excitation-emission matrices spectra were gathered with subsequent scanning emission spectra from 250 to 700 nm at 0.5-nm increments by varying the excitation wavelength from 200 to 440 nm at 5-nm increments. The spectra were recorded at a scan rate of 1200 nm/min, using excitation and emission slit bandwidths of 10 nm. The fluorescence intensity corrected by emission signals to excitation power was recorded. The blank water 18MΩ·cm (Millipore) ] scans were performed at intervals of 10 analyses. The Raman peak of water at an excitation of 348 nm was used to test machine stability.
Parallel factor analysis model
Fluorescence EEMs were modeled using PARAFAC which uses an alternating least squares algorithm to minimise the sum of squared residuals across the dataset and, in so doing, enables estimation of the underlying structure of the EEMs (Harshman and Lundy, 1994; Bro, 1997) . The data signal is decomposed into a set of trilinear terms and a residual array:
where X ijk is the intensity of the i th sample at the j th variable (emission mode) and at the k th variable (excitation mode) in the F-component model; c if is the concentration of the f th analyte in the i th sample, b jf is the relative emission of analyte f at emission j and a kf is the relative absorption at excitation k, and s ijk is the residual noise, representing the variability not accounted for by the model.
(eq. 5) Fig. 2 . A, Chromophoric dissolved organic matter absorption spectra (a CDOM ) in Taihu lake (the figure in top right corner shows the average value, standard deviation and variation coefficient of a CDOM at total sample sites in Taihu lake); B, first derivative of a CDOM ; C, results of the principal component analysis. First, determine the component number F, initialisation of a and b, estimate value of c; second, estimate a from value b and c; third, estimate b from a and c; repeat above three steps until the SSR reach the convergent standard. In this paper, the convergent standard is 10 -6 .
RESULTS
Chromophoric dissolved organic matter absorption
A wide range of variability in CDOM absorption was found in Taihu lake. a CDOM (325) (440) are 3.536, 1.368, and 0.450, and the coefficients of variation are 27.37, 29.51, and 34.88%, respectively. Chromophoric dissolved organic matter absorption spectra exponentially decrease with wavelength ( Fig. 2A) . Little irregularities on the absorption, which may have important effects on the calculation of absorption spectral shape (S), were found through the first-derivative transformation (Fig. 2B) . Previous studies suggested that a peak at approximately 334 nm will appear in the CDOM absorption spectra due to amino acids (MAAs) absorption from phytoplankton (Vernet and Whitehead, 1996) . However, there is slight fluctuation at approximately 334 nm in this study. A flat peak, which might be associated with the absorption by proteins and nucleic acids (Bidigare, 1989; Laurion et al., 2000) , was found at approximately 275 nm. There may be two reasons for this: first, there were small numbers of phytoplankton in studied water; second, damage of phytoplankton cell was avoided by using low pressure during filtration.
The principal component analysis (PCA) was used to assess the variation of a CDOM (Fig. 2C) . The first principal component (PCA1) can explain 99.88% variation of CDOM absorption coefficient. Consequently, there is no significant change of CDOM compositions among all sample sites. This background excluded, the second principal component (PCA2) can explain 0.099% variation, especially around 315 nm. The third principal component (PCA3) relates to the variation of CDOM in the range of 350 to 500 nm. The fourth principal component (PCA4) mainly expresses the variation of CDOM at 275 nm. The explained variation of the fifth principal component (PCA5) is so small that it can be neglected.
Fluorescence characteristics of chromophoric dissolved organic matter
The EEMs spectra of all sample sites (57) can be expressed as three typical patterns (Fig. 3) . Strong fluorescence at Ex 250 nm, Em 420 nm, and Ex 340 nm, Em 430 nm characterised UV humic-like (peak A) and visible humic-like. They include terrestrial humic-like and marine humic-like (peaks C and M) (Figs. 3A and 3B) . Ter- o n l y restrial humic-like (peak C) can be used to indicate the terrestrial source of CDOM. The marine humic-like (peak M) displayed strong fluorescence at Ex 250 nm, Em 370~420 nm, with traces of the autochthonous source of CDOM. These three peaks demonstrate that both terrestrial and autochthonous CDOM occurred in Taihu lake, but the terrestrial was the primary contributor to CDOM. In ocean research, peaks A and C identified as terrestrial organic matter could be traced in the open ocean (Pacific and Atlantic) at levels of approximately 1.5% of riverine concentrations, while peak M is identified as marine resource (autochthonous) (Murphy et al., 2008) . There are other three key fluorescence peaks commonly observed in freshwater aquatic samples, besides the above mentioned three peaks. These have been classified according to Coble (1996) and Coble et al. (1998) , Stedmon et al. (2003) , and Stedmon and Markager (2005a, 2005b) as follows: i) peak B, tyrosine-like (Ex/Em, 225-237/309-321 nm and Ex/Em, 275/310 nm); ii) peak T, tryptophan-like (Ex/Em, 225-237/340-381 nm and Ex/Em, 275/340 nm); iii) peak N, undefined (associated with phytoplankton productivity) (Ex/Em, 280/370 nm). Excitation-emission matrices acquired from CDOM in Taihu lake exhibit peak T clearly, but not peak B or N. The intensity of peak M is so strong that the signal of peak N is covered by peak M (Fig. 3C) .
The fluorescent peaks position and intensity were extracted from the EMMs according the classified peaks via the Matlab software. The autocorrelation between each peak is very strong (Tab. 1). Peak T has a strong correlation with peaks N and M, and low correlation with peak C. Because peak N and peak M are associated with phytoplankton, it can be concluded that peak T (tryptophanlike) is produced by phytoplankton debris (i.e. may include some aquatic organism) and not by the wastewater treatment drained from the city. The ratio of peak A to peak C (F=I A /I C ) can be used to express the structure and maturation degree of organic matter (Coble, 1996) , and to indicate the sources of organic matter precursors in lakes and rivers as well (McKnight et al., 2001 ). According to McKnight et al. (2001) , microbially-derived fulvic acids exhibit a higher ratio (~1.9) than terrestrially-derived fulvic acids (~1.3). In this paper, F range is from 1.012 to 1.879, which is bigger than 1.76~1.97 in Baihua and Hongfeng lakes and smaller than 1.55-2.30 in rivers (Fu et al., 2007) . The mean value of F is 1.287 which is close to the 1.26 in CuiCui lake (Coble, 1996) , where terrestrially-derived fulvic acids are the primary source of CDOM. The coefficient of variation of F is 19.924%.
Additionally, the emission positions of peaks A, C, M are strongly correlated with their intensity (R 2 =0.6604, P≤0.01; R 2 =0.5614, P≤0.05; R 2 =-0.567, P≤0.05). Peaks A and C show the red rhifted phenomenon with the increase of fluorescence intensity. In contrast, peak M shows the reverse red shifted phenomenon. This phenomenon is associated with the EMMs data in Fig. 3 .
Parallel factor analysis
All PARAFAC analyses were performed in MATLAB 7.1 (Mathworks, Natick, MA, USA) using the N-way toolbox version 3.10 ( Andersson and Bro, 2000) . The explained variations were 89. 02, 92.48, 94.87, 96.36 and 97 .27% for component numbers ranging from 2 to 12, respectively (Fig. 4A) . The (PCA) was used to check the contribution percentage of PC to the total explained variation (Figs. 4A, 4B and 4C ). By optimising calculation speed and explained variation, the optimal number of components was set to 6 for this model.
The EEMs [901(l Em number)×48(l Ex number)×57(sample sites)] were decomposed into 6 primary components (PC1~PC6) by the PARAFAC model (Fig. 4) . The PC1 is the humic-like including UV humic-like (peak A) and visible humic-like (peak C and peak M). The PC2 is mainly Protein-like (tryptophan-like, peak T), especially at 275/340 (Ex/Em). The PC3, PC4, PC6 are protein-like (Tyrosine-like, peak B) at 280/305-310, peak N (associated with phytoplankton productivity), and peak T. Fluorescent technology benefits to discover these fluorophores , as defined by Stedmon (2007) . These kinds of fluorophores mainly are the small particle organisms, and their molecule weight is smaller than 1.0 KDa (Sleighter and Hatcher, 2008; Helms et al., 2008) . The PC5 is the fluorophore of photochemical production for high molecule weight (mainly ranging from 1.0 to 3.0 KDa) terrestrially humic-like.
The c result coefficient c if was used to calculate the 
Effect of components on absorption coefficient of chromophoric dissolved organic matter (275 nm)
A shoulder value was found at approximately 275 nm [a CDOM (275 nm)] in Taihu lake (Bidigare, 1989; Laurion et al., 2000; Bontempi et al., 2004; Repetad et al., 2004; Kieber et al., 2007) , which also appeared in the data of Zhao and Qin (2008) and Warnock and Gieskes (1999) . This shoulder value destroys the consistency of CDOM exponential decrease with wavelength. Therefore, many researchers had divide the whole wavelength range into different sets to calculate S CDOM . Presently, there is unclear quantitative explanation of this shoulder's dynamic mechanism. In this work, besides the remarkable correlation between peak C and a(275 nm) ( It can be seen that peak C is the mainly influencing factor to the value and shape of the shoulder. Excluding this background factor (peak C is the primary influencing factor to the total samples in the whole wavelength range in Taihu lake), a(275 nm) is the primary affected by peak N (associated with phytoplankton productivity), followed by peak M. The shape of the shoulder is primary affected by peak A and N, followed by peaks T and M.
Relationship between absorption and fluorescence
This study found a strong correlation between CDOM absorption and fluorescence intensity at the 424 nm emis- Fig. 5 . Relationship between the first derivation value, absorption coefficient and peak C. (Fig. 6A) , which is close to the traditional emission wavelength of 450 nm. The correlation coefficient decreases with increasing absorption wavelength (240~440 nm) in the range of all excitation wavelengths (240~440 nm). The biggest correlation coefficient is around 355 nm. This result is same as with traditional excitation wavelength and Hoge et al.'s (1993) research, where 355 nm corresponds to reliable high power pulsed UV laser lines available for both shipboard and airborne fluorescence spectroscopy of CDOM. The diagonal of correlative matrix was extracted (Fig. 6B ) according to Hoge et al.'s (1993) research (if reliable a CDOM values are to be retrieved from fluorescence measurements, the absorption coefficients must be measured at the same wavelength used to stimulate fluorescence). The correlation coefficientin the rangingof 280-360 nm is bigger than other wavelength region. A model of a CDOM was established by fluorescence intensity at 280, 320, 335 and 355 nm ( Fig. 6C ; Tab. 2). The wavelengths of UV-B are 280 and 320 nm, and these two values are important to estimate the a CDOM and diffuse attenuation coefficient (K d ) in the whole UV-B wavelength range. Moreover, 335 nm is close to the nitrogen laser wavelength. In this study area, a CDOM has stronger exponential relationship to fluorescence intensity than linear, although the linear model is much more popular (Zhang et al., 2005 (Zhang et al., , 2007a (Zhang et al., , 2007b Hoge et al., 1993) . This relationship can be also used to calculate the fluorescence intensity, giving insight into sources and composition of CDOM, from the absorption coefficient, if we can successfully retrieve the absorption coefficient from satellite data (Lee et al., 2002) . Consequently, we can trace CDOM sources and quantificationally estimate CDOM composition of from the satellite data.
DISCUSSION
Chromophoric dissolved organic matter includes humic acids, fulvic acids, proteins and various types of hydrophilic organic acids, carboxylic acids, amino acids, carbohydrates and so on. Fluorescence properties of CDOM are covered by its components and functional groups, as well as their dynamic characteristics, which result into remarkable spatial-temporal variations of fluorescence intensity. At the same time, the humic-like peak presents the red shifted, so that the fluorescent position and intensity in the remote sensing data are hard to be identified and increase the difficulty of fluorescent remote sensing applications. Additionally, the fluorescent remote sensing is not suitable when CDOM fluorescence signal is covered by the phytoplankton or nonpigment matter in eutrophic or very turbid inland water. The fluorescent algorithm is an important method to retrieve a CDOM in the ocean colour remote sensing, but uncertainties in fluorescent algorithm should be addressed to applying the method to case 2 water or to much more complex water bodies.
CONCLUSIONS
Several important conclusions can be drawn from the above analysis of CDOM. First, the components of CDOM in Taihu lake are very complex, and the humic-like (i.e. UV humic-like and visible humic-like) is the primary component; the tryptophan-like is primarily produced by phytoplankton and aquatics' debris not by wastewater drainage. Second, peaks A and C have the red shifted phenomenon with increasing fluorescence intensity; in contrast, peak M has the reverse red shifted phenomenon. Third, the EEMs can be decomposed into six primary components and they can explain 92.48% variation. The average contribution of each primary component to the EEMs is 19.93, 18.82, 16.88, 16.39, 12.26 and 15 .72%, respectively. Fourth, excluding the background influencing factor peak C, the primary contributor to the shoulder value of CDOM's absorption coefficient is peak N, followed by peak M. The main contributor to the shoulder shape are peaks A and N, followed by peaks M and T. Last, a strong correlation between CDOM absorption and fluorescence intensity at the emission wavelength of 424 nm and excitation wavelength ranging from 280 to 360 nm was found, and the wavelength can be used to retrieve a CDOM . 
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